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Potectial curves for the ground and excited states of the chlorine molecule and its positive and negative ions have been 
calculated by mxns of the MRISCI method. The standard A0 basis employed co~.sisS of 74 functions including two 
atomic d and one set of s and p bond species, and the results at the corresponding fuII CI level are estimated for each 
state via a perturbation correction. Special emphasis is placed upon the treatment of Rydberg-valence nixing in this 
system, which phenomenon is found to be essential to the understanding of the Cl, electronic absorption spectrum. Ail 
singlet states which correlate with the lowest dissociation limit plus many others which go to ionic Cl-+cI- or Rydberg 
CI+CI asymptotes are given explicit consideration. Among the triplet species of Cl? which dissociate inro the ground 
state atoms only the %I_ state is not repulsive. The calculated DO value for the ground state is 2.455 eV compared to the 
experimental value of 2.475 eV. while the vertical ionization energy and electron aEinity are found to be 11.48 and 
2.38 eV respectively, also in very good agreement with the correspon&ng measured data oi il.50 and 2.51 +O.l eV. in 
addition the Cl2 laser line is confirmed to result from a 311p + %I, emission, whereby the calculated downaxd verticzd 
transition energy of 4.86 eV fits in quite weU with the known location of this tine at 4.805 eV. The linst two dipole- 
&owed transitions from the ground state of chlorine involve ‘E: and ‘II, states which are calculated to be neariy 
isoenergetic, and these results aLso match very well with the Iocation of the first absorption band in this spectrum. Fir&y 
quite similarly as in O2 it is found that an avoided crossing between Rydberg and valence states prodxes a relatively 
steep potential well for an upper state (Z’Pzj, whose location coincides with that of a semnd absorption band recently 
observed in synchrotron radiation studies. 
1. Introduction 
The electronically excited states of chlorine 
have received increased attention over the past 
years, especially in connection with UV laser 
experiments [l-4]. Because of the relatively 
high stability of the upper laser levels against 
collisional deactivation by rare gas atoms such 
diatomic halogens (or interhalogens) are consi- 
dered to be potential candidates for high-power 
iasers [4]_ The laser emission in Cl2 is observed 
a+ 258 run El], and it is assumed to result from a 
transition from- an ionic upper state to a lOWei 
suecies of covalent character. wherebv the 
identification of either state ii as yet &settIed. 
In an attempt to obtain more detailed spec- 
troscopic information on the high-lying states of 
Clz as well as on the dynamics of the excited 
species in halogen-doped rare gases synchrotron 
radiation has been employed for the Cl, excita- 
tion process [Z, 3,5] and the emission fluores- 
cence has been studied for Clz between 130 nm 
and 300 nm under various high- and low-pres- 
sure conditions. The most prominent excitation 
peak is observed at 135.4 run [2] and the 
magnitude of its radiative life-time favors 
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assignment to a singlet state, the character of 
which is unknown. Further progressions are 
observed in absorption at higher frequencies [5] 
and various emissicn studies IS,61 report broad 
structural features at lower energies which also 
await classification; the laser line itself appears 
with appreciable intensity at higher rare gas 
concentration, suggesting a triplet population as 
a result of a rare gas excimer-haiogen inter- 
action. The character cf the initial state popu- 
lated in the excitation is also not clear but based 
on quaIitative arguments it is expected to be 
Rydberg in nature. 
Under these circumstances it seems very 
advisable to undertake a systematic study of all 
Clz states which dissociaee to the first limits Cl-t 
Cl and CIA f Cl-. Furthermore it must be 
assumed that mixing between Rydberg and 
valence states 17-l l] plays a prominent part in 
the absorption and emission processes of Clz, 
just as in oxygen [7, 8, 111 for example, or in 
the photodecomposition of small hydrides such 
as NH3 [12], and hence an investigation of the 
fust members of the various Rydberg series also 
seems to be required in order to be able to 
anaiyze the data obtained under various 
experimental conditions. 
The prefent ~orl: reports the results of such a 
study based on large-scale ab initio coniigura- 
tion interaction calculations, which have proven 
in the past to be a very powerful theoretical 
tool for the investigation of ground and excited 
surfaces of small poIyatomic molecules, whereby 
an accuracy of 0.1-0.2 eV in excitation energies 
can generaIIy be achieved [13j regardless of the 
multipiet structure or the special nature of the 
state. No spin-orbit effects are taken into 
account thereby but it is assumed that the 
,essential features of the Cl2 spectrum can be 
obtained for this study without having to 
account for such fine-structure aspects. All 
singlet states are treated explicitly in the present 
calculation whereas only a selection of various 
representative states is made from the triplet 
manifold. The results of this theoretical investi- 
gation should constitute a reliable basis for the 
interpretation of the measured data and should 
also serve as an excellent guide for further 
experimentation seeking to fully understand the 
spectroscopic and kinetic processes involving Cl2 
molecules. 
2. Details of the theoretic&l treatment 
The standard A0 basis set empIoyed in the 
present caIculations consists of a total 74 
contracted Cartesian gaussian orbitals. The 
(12&p) set given by Dunning and Hay [14] in 
the (5,3, 1, 1, 1; 4,2, I, 1) contraction is aug- 
mented by hvo d functions with exponents 0.70 
and 0.25 respectively and an additional (nega- 
tive-ion) p function with exponent 0.049. For 
further improvement of the description of the 
charge distribution in the bonding region one s 
(exponent 1.0) and one p function (exponent 
0.6) are added and are located directly in the 
middle of the Cl-Cl bond. In order to describe 
the first members of the Rydberg s and p series 
appropriate 4s (exponent 0.025) and 4p 
(exponent 0.020) gaussians are also located 
between the two chlorine nucIei. 
For a few additional calculations this standard 
basis has been extended. First, in order to 
account for the first members of the Rydberg d 
series a set of diffuse d functions (exponent 
0.017) is added at the center of the bond, but 
this has only been done at the equilibrium Cl2 
distance. Secondly, for proper dissociation to 
Cl* -i Cl the single bond-centered 4s Rydberg 
function is replaced by two such species with 
the same exponent but centered at the respec- 
tive nuclei; this calcufation has only been car- 
ried out at 20 au, i.e. practically at the dis- 
sociation limit. This iast repIacement is entireiy 
consistent with the other Rydberg-state cal- 
culations for the Cl2 moIecule since it has been 
shown [lS] that for a molecular treatment one 
Rydberg s function located at the center of a 
bond (united atom) is entirely equivalent to the 
positive linear combination of two such species 
located at the two nuclear centers, whereby the 
negative linear combination in this case is 
equivalent to the Rydberg pm representation. 
The configuration interaction calculations are 
of the multi-reference single- and doubie-excita- 
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tion (MRD-CI) type with configuration selection 
and energy extrapolation, as described in the 
literature [16,17]. The energy corresponding to 
the full CI treatment has thereby been esti- 
mated via the relation 
E I”,, CI - EMWD-CI +(E~~~o_cr-E..i)[l-~cj], 
in analogy to the formula given by Davidson et 
al. [18] for the contribution of higher than 
double-excitation configurations relative to a 
single determinant. The technical details, i.e. 
number of reference configurations, number of 
roots according to which selection of configura- 
tions is undertaken, total number of generated 
configurations for which the energy is 
extrapolated as well as the average size of the 
secular equation which has actually been solved 
for the selected configurations, will be given 
together with the results in each instance. 
Generally only the ground state molecular 
orbitals are thereby employed throughout, and 
the treatment has been carried out for the sake 
of technical simplicity in the framework of the 
DZh subgroup. Furthermore, a core of 10 molec- 
ular orbitals is assumed to remain doubly 
occupied for a!1 geometries considered; these 
correspond to the ls, 2s and 2p,, 2p,, 2p, orbi- 
tals which are expected to show no contribution 
to the actual binding and to remain unchanged 
in the various states considered. Similar cal- 
culations for the excited states of H2S, for 
example ref. 1191, have supported this assump- 
tion numerically; even though the total energy 
is lowered by 2.5 eV upon releasing the restric- 
tion of 2 closed L shell, the excitation energies 
to four ‘B1 states are found to change by only 
from -0.01 eV to 0.03 eV upon allowing 
variable occupation of the 2s and 2p shells, 
variations well within the error limits of such 
standard treatments. 
3. Singlet states corresponding to the Srst 
&ssociation limit a(%-,) +ci(zPm) 
The combination Cl(2Pl)i-Cl(2PU) results in a 
total of 9 singlet components, namely 2 X ‘%& 
‘Xl, *D, and I&., whose dominant electronic 
configurations are listed in table 1. The Cl2 
ground state possesses the electronic configura- 
tion cign, ,, 8, ’ 4-4 whereby at large internuclear dis- 
tances because of the degeneracy of O&C s) 
and a,(~-sj the second configuration srtr&t 
gains equal weights (table 1). The calculated 
potential energy curve is pIotted in fig. 1; the 
pertinent data obtained for this X1& state via a 
polynomial fit of the potential curve are listed in 
table 2 and it is seen that the theoretical 
representation of the experimental data is 
extremely good. The discrepancy in the equilib- 
rium bond length is 0.03 A, in the vibrational 
frequency less than 10 cm-‘, and in the dis- 
sociation energy only a few hundredths of 
an eV. 
The other five states which correlate with the 
first Cl2 dissociation limit all populate the 
strongly antibonding uU MO (table 1) and thus 
show repulsive behavior (at least below energies 
of -919.0000 hartree, in which range no mixing 
with Rydberg states can occur; see fig. 1). 
Double population of the cr,, orbital as in 
‘C,(~,sr,+&) or 2 ‘Xi and ‘Ag (both resulting 
from zf + a: excitation; see tabIe 1 j thereby 
enhances the repuisive tendency so that ‘Z; is 
Table 1 
Dominant electronic configurations of the lowest 9 singlet 
states in Cl2 excluding the Rydberg interaction at small 
internuclear distances 
State Excitation Configuration 
intermediate R large R 
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7.0 tbohrl 
Cl-Cl distance 
Fig. 1. Calculated porential energy cmves fdr the chlorine states which diiociate into the lowest atomic limit. The correspond- 
ing ground state Cl; curve is also given. In the present and all ensuing figures energy values are taken from the estimated full 
CI level of treatment. 
c&Mated to be the most repulsive of all of 
these states while the G-~+cT” replacement as in 
the ‘!I, leads to an extremely flat potential 
energy cmve (fig. 1); in the latter case the error 
limits of the calculations are such that a very 
weak potentiai minimum in rhis ‘l-f, state could 
also be possible. 
The technical details of the calculations for 
these states are coIIected in table 3. For the 
ground and 2 ‘2,’ states as well as for the ‘AS 
Table 2 
Calculated ground state data for Cl2 (full CI estimate) and 
comparison with cxpe&riental result5 
Theoretical Experimental a’ 
J&F -918.91971 - 
%fRD-CI -915.24332 ” - 
E Iuilciar. -919.2760 - 
E rnfuuCIcsL -919.185 c, - 
To tK, 2.020 1.9879 
0, (cm-‘) .W? 559.71 
D, iev) 2.49 
Do (e\;) 2.455 di 2.475*0.0003 
a’ Ref. E20]_ ” A; r= I.988 A (in hartree). 
c, At r = 20 bohr. ” Calculated as Do= D,-oJ2. 
species various independent treatments have 
been undertaken in order to check the numeri- 
cal consistency_ The ‘A, symmetry can be 
obtained from either the ‘A, or ‘Bpg represen- 
Table 3 
Technical details for the caIcu1ations of the lowest singlet 
states in CJ,. Given are the number of reference configura- 
tions (mains), number of roots according to which selection 
is carried out, the total number of symmeQy adapted 
functions (SAFs) for which the energy extrapolation is 
undertaken. as well as the range of secular equations 
(depending on R) for which the diagonalization has actually 
been carried out 
State No. of No. of No. of No. of 
mains roots total SAW selected SAFs 
1 x’-g’ 15 4 197707 4600-5900 
8 2 95881 ~6400-7000 
I - 
1” 6 1 229816 3100-3600 
‘n, 10 4 271896 4600-5900 
‘n, 11 4 28565’1 4800-6900 
‘4 8 2 186651 2300-3200 =’ 
13 2 19.5993 2800-4800 
10 2 424770 4333 b, 
*’ In ‘A, symmetry (i&J. ‘) In ‘B1, +.ymmeby (Dza). 
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tation in the DZh point group; the potential 
curve calculation has been undertaken in the 
computationally more appropriate (see table 3) 
‘A, representation. The numerical discrepancy 
between the *B3g and ‘A= energy at a distance 
of 4.157 bohr (2.2 A) was thereby O.GO3 hartree 
for the first and -0.002 hartree for the second 
valence ‘A, state. It should also be pointed out 
that even though ‘Xz and ‘AZ state result from 
. . 
the same representatron m Dzhr the selection is 
undertaken for only one Dab symmetry type in 
a given calculation, so that the 4-root selection 
for the ‘Xz states in table 3 considers no 
‘A, species. 
4. Positive and negative ionic states 
Since the Rydberg states play an essential 
role for excitation processes from the ground 
state and for the deactivation mechanisms 
arising because of the mixing of Rydberg and 
valence states, it seems appropriate to first study 
the various low-lying positive ion states since 
they constitute the envelope for the Rydberg 
manifold. The calcuIated potential energy curves 
for the %Ip, *HU and ‘Xz states are thus plotted 
in fig. 2, while the technical details for all these 
calculations are summarized in table 4. 
As expected the lowest state results from 
ionization out of the ~a MO {see table S), lead- 
ing to a potential curve with a slightly .smalIer 
optimal equilibrium distance (table 5) than the 
Cl2 ground state. By the same quaiitative 
reasoning the ionization out of the bonding zU 
results in a larger equilibrium bond length rela- 
tive to the Cl2 ground state; the situation is 
more complicated for the ‘Xi ion since two 
competitive processes (configurations ~~~zziri 
and ~~sr:&r,, see table 5) are reponsible 
for the avoided crossing in the 2X; potential 
surfaces. 
The calculated vertical excitation energy of 
11.48 eV to the Cl: *J& state is in excellent 
agreement with the average peak derived from 
photoelectron spectra (11.50 eV, table 0). The 
higher ionization peaks are not known very 
accurately, but the estimated values of approx- 
imately 20000 cm-’ (%I,) and 34400 cm-’ (‘2:) 
match (within the uncertainties) quite well the 
calculated data. The atomic ionization limit 
calculated at -918.725 hartree (in a Cl; cal- 
culation at 20 bohr) is too low by 0.4-0.5 eV, 
but such an underestimation for higher 
- 918.80- 
m 
6.0 7.0 (bhrl 
Cl-U distance 
Fig. 2. CalcuIated potential energy curves for the lowest electronic states of Cl:. Note that not all of the states c0rreIating With 
the atomic limits show are calculated. 
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Table 4 
Technical details for th;, calcuiations of the first three posi- 
tive Cl: ions and for ths iirst negative ion state. The 
nomenclature is the same as employed in table 3 
Stzte No. of No. of No. of No. of 
mains roots total SAFs selected SAFs 
%I, 7 1 231136 2800-3500 
%lu 8 1 288771 2900-3400 
+- 5 -P 3 140897 4500-6000 
9 3 304004 4500-5500 
negative ion 
ZY-- 9 -Y 2 373368 5200-6500 
dissociation limits have been noted before in 
similar calculations on Nz, for exampIe [24], and 
it is known that a more proper description of 
the higher dissociation limits generally requires 
an even more extended A0 basis set. Hence in 
the present case the ionic curves are expected to 
be somewhat too shallow, a fact which is 
reflected in the slightly larger r, value and the 
smaher vibrational frequency in the calcuIations 
as seen for the *E, state in table 6; this 
behavior is also expected to hold for the other 
ionic states for which the experimental results 
are quite uncertain. 
The Cl; negative ion potential curve is also 
calculated and plotted in fig. 1. A minimum is 
Table 5 
Dominant electronic configurations of the low-lying positive 
and negative states of Ciz 
State Ionization a’ Configuration 
intermediate R !arger R 
*’ Relative to the Clz ground state configuration. 
found to occur around 2.66 A (5.03 bohr) at an 
energy of -919.364 hartree. The calculated 
electron affinity (LIE, between Cl2 and Cl;) is 
thus 2.38 eV, in good accord with the experi- 
mental value of 2.51 eVkO.1 eV given in the 
literature [25]. The calculated dissociation 
energy is D,= 1.45 eV, i.e. a somewhat larger 
value than the 1.26 eV derived in a combination 
of previous theoretical and experimenta data 
[26]. The energy difference between the Cl2 and 
Cl; curves at very large internuclear distances is 
3.42 eV [E&Cl;) = -919.3107 hartree], which 
value should be compared with the known 
electron affinity of Cl of 3.61 eV. In summary 
then the positive and negative ion curves 
reproduce the measured Cl2 data in a very good 
manner wherever comparison with experimental 
inferences is possibie, and they yield new 
information which should be of analogous 
accuracy. 
5. Singlet 4s and 4p Rydberg states and their 
interaction with the valence-she11 species 
The lowest Rydberg states result from rrg 
excitation and converge to the lowest positive 
ion state 211p. The fist members thereby are 
zg + 4s Q-Is. 
zg + 4pc, %I,, 
?re-, 4psr, ‘n;, I&, rz;. 
Similarly, the first members converging to the 
second ionization potential *!& result from 
excitation of the ;r, MO in an analogous 
manner, namely 
T* + 4s, *II”, 
772.2 + 4pu, ‘I&, 
77,*4p?r, ‘Z,, ‘Ap, IX+ P- 
They are expected to lie above the respective miTg 
counterparts by approximateIy the same amount 
as the ‘II,, lies above the ‘l& ion. Furthermore, 
because of the non-bonding properties of the 
upper Rydberg orbitals the unperturbed poten- 
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Table 6 
Calculated ata for the Cl? positive ions and comparison with exerimenr whenever possible 
2f& %l, =z+ 8 
talc. exptl. ‘) CdC. exptl. CdC. expU. 
11.48 IP = 11.50 14.23 16.02 
(average of PES) 
11.44 13.73 (13.98) ‘) 15.4 d1 (15.75) =’ 
(2.32) 
1.92 1.89 2.27 
1 
(2.28) 
(2.30) 
620 641 380 
-918.725 - 
12.52 12.96 
(13.01) 
*’ From refs. gO.22, 231. ‘) Approximately 20000 cm-’ above ‘f& c, Approximately 34400 cm-’ above %I,. 
d) ~7:’ configuration. 
tial curves for the Rydberg states are expected 
to run roughly paralIe1 to the corresponding 
ionic curves discussed in the previous section. 
characteristics dissociating to Cl-(‘!$J + Cl’(‘Dd 
interacts with both +rg+ 4s and ‘in;,- 4pcr Ryd- 
berg species. As a consequence the potential 
energy surfaces resulting from the various 
avoided_crossings are rather complex with a 
number of maxima and minima. 
Since there are a number of valence states in 
the same energy range as the Rydberg states, 
heavy perturbation or mixing of states is expec- 
ted, however. First of all, at very small inter- 
nuclear distances an interaction with the repul- 
sive part of the states (fig. 1) dissociating to the 
ground state products Cl(‘P,) + Cl(*P3 is possi- 
ble. Secondly, states which dissociate to the 
second dissociation limit Cl-&) + Cl”(‘DJ 
accessible for singlet species are expected to mix 
with the Rydberg manifold at inSermediate and 
larger Cl-Cl bond lengths; their configuration 
characteristics are summarized in table 7. 
A typical pattern for the interaction of states 
is contained in fig. 3 for the various ‘II, states. 
It is seen that the unperturbed Rydberg states 
resuIting from sr,+ 4s and zUa4pa excitations 
closely paralle! the potential surfaces of the 
respective positive ions, as expected. At very 
small internuclear distances the repulsive 1 *l-I, 
(YT,, + 0,) interacts with the rz’g-, 4s Rydberg 
state while the second ‘II, state of vaIence 
It should also be noted that while the sr,-+4$ 
and ‘irU+4p~ yotentizd curves are practically 
Table 7 
Dominant electronic configurations of the Cl= singlet state 
which correlate with the dissociation knit CI-I%Q + Cl(‘D,) 
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Fig. 3. Calculated potential energy curves for the lowest-lying ‘II, states of Cl*, illustrating the mixing of Rydberg and valence 
states in this molecule. In the crossing regions estimates for the wrresponding diabatic potential ewes are shown as dashed 
lines in this and all ensuing figures. 
horizontal at large internuclear distances, 
connecting to the neutral Cl* (‘PU, 4s) + Cl (‘P,) 
and Cl* (‘DU, 4p) I Cl (‘P,) products, the 
valence II& curve shows an asymptotic l/r 
behavior for large bond lengths, as to be 
expected from the electrostatic attraction of two 
charges, in this case Cl- (‘SJ and Cl’ (‘DJ. The 
same pattern is present for all other states 
which dissociate into Cl- and Cl* atoms. It 
should also be noted that the Cl- (‘SJ + Cl+ 
(ID,) and Cl* (‘P,, 4s)+C1 (‘P.:) limits lie fairly 
close in energy according to the experimental 
data [Cl- = -3.61 eV, Cl’ (‘DJ = 12.96 + 
1.44 eV, Cl*(‘P,, 3s) = 9.24 eV], the pertinent 
ionic products thereby lie higher in energy by 
1.55 eV. The present calculations yield the 
limiting value E,(z~+ 4s) = -918.847 hartree,_ 
while extrapolation for the ionic valence state 
according to l/r gives -918.780 hartree. 
Comparison with the calculated vaiue 
E,[CI(2P,)+C1(2PU)~ in table 2 of -919.185 
hartree yields calculated dissociation limits of 
11.02 eV (10.79 eV, exptl.) for the singlet ions, 
and 9.20 eV (9.24 eV, exptl.) for the bond 
breakage leading to the excited neutral species. 
These calculations are carried out simul- 
taneously for &I four roots as indicated in 
table 3. 
5.2. ‘IT” states 
All four ‘IL states are also obtained from the 
same secular equation (table 3). The analogous 
shape of the potential energy curve for the rE+ 
4pu and n-” --, 4s states as that of the cor- 
responding ‘LIP and ‘II,, ions is again obvious 
from fig. 4. Since the repulsive 1 ‘IIf, is the 
lowest energy curve of the states dissociating to 
the two C! atoms in their ground state (fig. 1) it 
shows very little interaction with the first ‘II, 
Rydberg state in the interesting area of the 
potential minimum, in contrast to the previously 
discussed behavior of 1 ‘I’&; an analogous 
interaction will occur in the repulsive part of the 
‘TIU(~s+4pcr) Rydberg state but this point has 
not been pursued in detail. Just as for the ‘& 
manifold of states the ionic ‘II, species with 
“@,-b flu * excitation cuts through both the rr,+ 
4pa and wir, + 4s Rydberg state potential curves 
leading to the various avoided crossings 
indicated in fig. 4. The calculated dissociation 
limits are -918.780 hartree for the Cl”(‘D.J + 
Cl-(&) products and -918.846 hartree for the 
separation into C1*(2P,, 4s) +Cl(*P.), i.e. 0.001 
hartree different from the calculations in the ‘JXp 
configurational space. Finaliy, the pi+ Sprr 
potential energy curve is also obtained in the 
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-918.70. 
-ml 1+c19’s,1 
i-9%3780, 
40 5'0 6b 7:o d-0 ibohri 
El-Cl distance 
Fig. 4. Calculated potential energy curves for the lowest-lying ‘II, states of Clz. iik.trating the mixing of Rydberg and valence 
states. 
present A0 basis, but its location might be 
somewhat too high since no explicit 5pa 
functions have been incIuded in the A0 basis 
set; not unexpectedly it shows a paraIIe1 
behavior to the lo-wer ~-,+4p(~ curve. 
5.3. ‘Et states 
A detailed study of the ‘Et states has been 
undertaken since 1 ‘Hz is the lowest state of the 
group given in table 7 which dissociates into the 
ionic species Cl*+Cl-. It is also allowed to 
combine directIy -with the ground state and 
because of its Z symmetry presumably does so 
with higher intensity than the (allowed) ‘lX, just 
treated. Calculations are carried out for at least 
three different levels of accuracy at all inter- 
nuclear distances (as indicated in table 8) in 
order to obtain as well as possible the estimate 
fcr the fuIl CI energies [27] of the three !owest 
5: states. 
The corresponding results are plotted in fig. 
5. The potential curve of the sr,+4p7r Rydberg 
state, again in principle parallel to that for ‘l&, 
is .perturbed twice: by the lower energy a,+ a,, 
valence state cIose to its minimum, and by the 
second valence state of this symmetry possessing 
the ~ZTT~&~~ electronic configuration. As a 
result of these various avoided crossings the 
lowest-energy ‘Z: state possesses a quite shal- 
low minimum at small internuclear distances, 
from which the deeper and more pronounced 
well around 5 bohr can probably be easily 
accessed by tunnelling or vibrational excitation. 
At the same time a further quite deep potential 
minimum is established for the 2 ‘S: as a result 
of the avoided crossings of the a,+ cr, vaIence 
state (left branch) and rg+4p+ Rydberg 
species. This latter state is only bound up to 
approximateIy -9X880 hartree, at which point 
it reaches a maximum with the vibrational.levels 
connecting with those of the shallow potential 
curve running roughly parallel to the 1’2: at 
larger iniernuclear distances_ 
Table 8 
Technical details for the calculations of t.he various states of 
‘E: symmetry 
State No. of No. of No. of No. of 
mains KOOtS total SAFs selected S.4Fs 
5: 14 3 323214 9200-9800 
9 3 182019 9100-99iJo 
5 3 135469 7000-9900 
11 2 283639 5400-6900 
13 2 305835 5700-6000 
a 2 159460 5900-6901; 
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U-CL distance 
Fig. 5. Calculated potentjatlenergy curves for the lowest-lying ‘Z: states of Clt, illustrating the mixing of Rydberg and valence 
states. 
This situation is veg &Z&Z to t-hat found for 
the B% state in OQ& its E?ydJ Jerg, states of 
the same symmetry Es;,lQL II3 fr I thi*s molecule 
the first vaknce St& i%r!x?re re- puhi.ve and 
hence crosses the: Rydberg spec .ies iI1 such a 
manner that pracJicaj1~ no tin .im~nl but only a 
shoulder remaiq:at: small inte .mucl~~r distances; 
the quite sha1low;we.U at larg ,e bond &en@ is 
responsible fgr, t&z discrete r Mum a-&mge 
bands resultklg &cm mr-si .tions ant of x3x;, 
(u”= 0) to v&.Qk&V vibratic_mal levels in the B3E; 
state, P:‘ni& correlates W’ ith the second dii- 
soci7AtioD 0(3Pg)+0(1D J. The second 3Z; well 
ip, O2 is also quite dee.p; combination of u’ = 
I), I, 2 vibrational lev~els with U” = 0 of the oxy- 
gen ground state give rise to the well-known 
relatively strong ‘%rsst”, “second” and “third” 
bands to the high-energy side of the Schumann- 
Runge continuum. In the present case the 2%: 
surface is a very close analogue to the above 
and should also give rise to strong absorption 
bands with a vibrational frequency larger than 
in any other Rydberg or purely valence states of 
Clt; the corresponding intensity distribution 
should not be sole!y governed by the Franck- 
Condon principie since the eiectronic Xransition 
moment, just as in the parallel situation of 02, 
changes dramatically over the vibrational ampli- 
iudes because of the change from a valence to a 
Rydberg-like species. Indeed, a vibrational 
pattern has been observed in this energy range 
[28] which can easily be assigned to 2%:-X12: 
chlorine transitions. 
Higher-energy states, such as To+ Spr, 
should possess potential curves running essen- 
tially parallel to that of the lowest-energy Ryd- 
berg species and the probability for an avoided 
crossing will be enhanced due to the greater 
density of states in this higher-energy region. It 
should again be pointed out that no ?r,-+ 46 
states have been treated, which are also expec- 
ted to play a role at higher energies (see table 
11). 
5.4. ‘Z;, ‘A, ‘A, ‘Ed and ‘2; states 
Since there is no ‘E; state dissociating into 
Cl-+Cl+, the potentid curve pattern is simpler 
than in the previous cases. The Rydberg state 
rg + Spa is intersected as expected by the 
repulsive 1 ‘E; already discussed in fig. 1, but 
very little mixing is observed in this case {fig. 6): 
Hence both states could be treated for the most 
part in separate calculations, whereby the 
reference set for the Rydberg cakclation 
consists of six configurations. *e latter curve is 
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E lhartreel I ‘2; states 
-91eKl 1 
‘. 
30 40 50 
Fig. 6. Calculated potential energy curves for the lowest- 
lying ‘2: states of Clz. The crossing between the two states 
is shvply avoided. 
very close to the unperturbed ‘C:(T~-+~~T) 
and lII,(sr,+ 4pa) potential surfaces, as is 
expected because the various Rydberg members 
of the spatially different but otherwise ener- 
getically degenerate orbitals generally lie within 
a few tenths of an eV of one another. There is 
no second Rydberg state resulting from TT,, 
excitation, contrary to the pre-vious cases, a& 
higher states of this symmetry have not been 
studied in the present work. 
The results for the ‘Au and ‘AZ states in the 
energy range considered are seen in fig. 7. Only 
one lovr-lying Rydberg state exists, namely ‘A, 
resulting from T=+ 4p~ excitation. The cor- 
E Fortree: 
-918.80. 
e 
0 L.0 50 60 70 38.0 lt&rl 
cl-a disfance 
Fig. 7. Cekuiated potential energy curves for the lowest-lying ‘4 and ‘&, stztes of Cl*. The kxation of the z_-b4p~ Rydberg 
potential curve is only estimated in the fi,_. 
. 
responding ‘4 state %s the 4p~ member of ihe 
7;-,-Rydberg series and has not been calcuiat&i. 
Its location and potetitial curve shape sh6uld be 
very close to that of the ~~+4pu(‘lII,) state 
discussed earlier. Since there is no ‘AU repulsive 
state correlating with the gtiund state dis- 
sociation limit the ‘AU Rydberg surface remains 
unperturbed around its minimum. On the other 
hand the ‘Ay(&&~&~) state (table 7) which 
dissociates to the Cl’ + Cl- limit mixes with the 
Rydberg curve in a similar manner as has been 
observed in the pr~ious cases. The cakulations 
have been technically carried out separately for 
Rydberg and valence states for most distances, 
whereby six reference configurations are taken 
for each of the valence and Rydberg species, 
while a 12 main/2 root calculaticjn is under- 
taken in the mixing area. The ‘Ag state has been 
obtained from the saine secular equation as the 
first state of this symmew (table 3) but could 
generally be of somewhat lower accuracy since 
the sum of the squares of the coefficients of the 
reference configurations x:‘c? is only around 
0.87 compared to a value of 0.91 for the first 
such state. 
The lowest ‘1, state is of Rydberg n&ure 
and results from ~“+4p?r eftcitation. It has not 
been calculated since the lower energy part will 
probably not be perturbed because there tie n0 
states of this symmetry which correlate With 
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either the CI(‘P,)+CI(‘P,) or the Cl-(‘SJ+ 
Cl*(‘D,) limit. The first Rydberg state of ‘Hi 
symmetry results from the same electronic exci- 
tation, rf,-,4pr or alternatively from ~~-4s 
transitions. Since both are relatively high in 
energy these states have also not been deter- 
mined explicitly. The two high-lying valence 
states dissociating into Cti(‘DJ+Cl-(‘SJ and 
Cl’($)+Cl-(‘SJ have been treated on the 
other hand, and show quite parallel behavior 
(fig. 8). Their calculated limits are -918.7g2 
hartree and -918.712 hartree, in quite good 
accord with the limits ctilculated for the other 
states (-918.780 hartree, for ‘& and ‘II,) and 
also in good agreement with the corresponding 
experimental excitation energies, i.e. 10.96 aV 
(10.79 eV experimental) and 12.87 eV 
(experimental value approximately 3.45 eV higher 
than 3P,, i.e. 12.80 eV) above CI(‘P,) + Cl(‘P,). 
6. Triplet states 
The potential energy curves for the tripIet 
states of Cl?, show the same genera! pattern as 
has been discussed for the singlet manifold. 
There is first the group of repulsive (or almost 
repulsive) states which correlate with the ground 
state dissociation limit and show interaction 
with Rydberg species only in their strongly 
repulsive branch at very small internuclear dis- 
tances. Secondly there is ?he family of states 
which converges to the ionic limit Cl’(‘P,) i 
Cl-(‘SJ, which energetically coincides essen- 
tially with the Cl(“P,) + Cl*(*P,, 4s) dissociation, 
whereby the potential curves for the ionic states 
can be represented for large internuclear dis- 
tances simply by the l/r attractive term but 
show essential mixing with Rydberg states at 
smaller internuclear separation. And finally 
there are the various Rydberg triplet states at 
practically the same energetic location as the 
corresponding singlet species because of the 
small singlet-triplet splitting (within a few tenths 
of an eV) in Rydberg states in general, whereby 
their potential curves X-WI to a large extent 
parallel to the curves of the respective ionic 
species to which they converge. Transitions 
from small-distance minima to potential wells at 
large separations will thus involve motion 
through barriers connecting Rydberg and pre- 
dominantly ionic states. 
Of the six triplet states 3Ci(2), ‘Xi, 311g, ?I, 
and 3h, which dissociate into the ground state 
products, only the ax:, 311g and 311U states have 
been treated in the present study. Similarly only 
the lowest states 3112, and ‘II, which correlate 
with the ionic dissociation limit are calculated, 
while the others, namely ‘EL and 3X;, are 
omitted from explicit consideration. The various 
technical details along with the characterization 
of the different states are contained in tables 9 
and 10. 
The lowest ‘IIU stat: is the only excited Cl? 
triplet state which has been studied in detail 
experimentally [29,30] to ihe best of our 
‘$ States 
E !J-wtrQEl 
-9’8.80 i +7,z 1 _ _ 
_~~~i *;F , ---- 
30 40 6.0 
Cl4 distance 
.:.. 
Taimlated potential energy curves for the ‘Xg states correlating with the two lowest ionic limits. 
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Table 9 E lhortreelf 
Dominant electronic configurations of the Cl? triplet states 
treated in the present work 
-919.00 I State Excitation Configuration intermediate R large R 
knowledge. It shows a shaliow minimum (fig. 9) 
which the calculations locate around 2.43 A, i.e. 
at somewhat larger bond lengths than the 
experimental studies (2.396 A). Considering the 
shallow form of the potentia1 and furthermore 
the fact that data points have only been 
generated at 2.31 A, 2.418, and 2.618, around 
the minimum such a discrepancy is not surpris- 
ing. The two lowest ‘I;: states as well as the 311g 
species are all repulsive (fig. 91, just as has been 
found for all the singlet states which correlate 
with the ground state products (fig. 1); again 
double population of the (T, MO as in the two 
3Z,’ states thereby enhances the repulsive 
character. 
Table 10 
Technical details for the calculations of the various triplet 
states treated in the present work 
state No. of No. of No. of No. of 
mains roots total SAFS selected SAFs 
508631 5400-8100 
485507 4000-6000 
123496 3300-3800 
454021 3000-3300 
506837 6000-6200 
$$I535 47oil-5 100 
I 
60 70 lbohrl 
CL-Cl distance 
Fig. 9. Calculated potential energy cumes for various triplet 
stares of Cl1 which di%ociate into the lowest atomic limit. 
The corresponding ground state curve is also indicated 
(dashed lines). Note that not a11 such triplet states have been 
calculnted. 
The interaction between Rydberg and valence 
states in the ?II, and ?I” upper states runs 
largely parallel to the mixing in the correspond- 
ing singlet states, as seen by comparison of figs. 
10 and 11 with figs. 3 and 4. The calculated 
dissociation limit C1’(3PJ +-cl-(‘SJ is -918.838 
hartree, i.e. 9.44 eV above the ground state 
products, in quite good agreement with the 
corresponding experimental result of (12.96- 
3.61) = 9.35 eV. The 311, is thereby the lowest 
of all excited Clz states which dissociate to ionic 
products and possess definite minima at large 
internuclear separations. It is furthermore of 
spediai importance since it is allowed to 
combine with the bound lower 311U state 
according to the dipole selection rules. The cal- 
culated electronic energy difference between the 
‘l-II, minimum (re = 2.94 A) and the ‘lTU at the 
same bond length is 4.86 eV and hence matches 
very well with the 258 nm (4.805 eV) laser 
emission. 
In an attempt to obtain information regarding’ 
the 311s potential energy curve Diegelmann [4] 
has assumed a simple model potential based on 
the ionic attraktive and an exponential repulsive 
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‘(‘5,) 
31 
I. 
30 4.0 5.0 6.0 70 
/ 
8.0 [bohrI 
CI-Cl distance 
Fig. 10. Calculated pNential energy curves for the Icwest-lying ‘r&. states of Cl2 illustrating the mixing of Rydberg and valence 
states in this molecule. 
h E (hartreel (
i %T, States 
-919.00- 
1 I 
30 49 5.0 6.0 7'0 8.0 [bohrl 
CL-CL dishme 
. 
E.g. 11. CakuIateJ pot&id enzrgy curves for the lowest-lying 3-f” states of Cl z ilktrating the mixing of Rydberg _+d valence 
states in this molede. .’ 
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part, thereby deriving an equilibrium distance of 
2.543 A. This finding is considerably smaller 
than the presently calculated value, most prob- 
ably because the ionic contribution is weighted 
too heavily and the charge equaIization which 
already takes place at intermediate distances is 
not taken properly into account. Finally, the 311U 
ionic state with a somewhat larger equilibriu,m 
bond length might also be of importance since it 
combines with almost equal intensity with the 
lower-albeit repulsive-‘lI, state as does 31&- 
B3HI,, as will be discussed in part 2 of tbii 
work. 
7. Vertical excitation energies 
The combined results of all calculations are 
summarized in fig. 12, whereby some of the 
complicated structure caused by the various 
avoided crossings between Rydberg and valence 
species is emitted. The electronic energy 
differences relative to the ground state mini- 
mum are collected in table 11 for further quan- 
titative use. The first allowed transition into a 
potential well is seen to lead to ‘II,(rs+4pa) 
and %:(gj_ 9+4pr) Rydberg states at 9.16 and 
9.24 eV respectively, whereby both states lie so 
\ 
\ \ \ 
.L _ _!I;% __ -- 
_--- 
. . __- - 
- -.- cIl’F”i+cl-~s,) 
__-- 
2.0 30 
” Cl-CL(AO) 
Fig. 12. Gxnposite poteatial energy diagram for most of iile cl* states treated k the present CaI~~ticJns. 
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Table II 
Vertial electronic energies A& (in eV) from the ground 
state of Cl- to various excited states obtained at the MRD 
and estimated full CI level (R = 1.988 .k) 
State Excitation E (MRD-CI) E, (fuli CI est.) 
O.OG (-919.2333) G.00 <-919.2750) 
3.24 3.31 
3.01 4.05 
6.23 6.29 
6x6 6.53 
6.50 6.87 
5.25 S.12 
(S.34) (S.211 
@.3S) =’ 7.93 (8.22)“7.81 
8.25 S.12 
S.35 8.29 
8.80 5.75 
9.22 9.16 
9.33 9.21 
9.5s 9.43 
9.52 9.47 
9.67 9.69 
9.75 9.74 
9.92 9.52 
10.01 9.89 
10.10 IO.01 
10 31 10.21 
(11.33)” i11.04!“’ 
(11.51j”’ 10.95 (11.24)” 1C.82 
12.74 12.64 
a1 Calculations for Is-type Rydberg sta:es in the A0 basis 
without d type difi& ftmctions; total rnergies of these 
states are generally 0.4 eV highe; than it? rhe largrr basis 
lvith the more flexible s representation. 
close together that the caicuiations are not able 
to definitely fix the relative ordering. Both 
transition energies match very well with the 
absorption features found recentiy by synchro- 
tron radiation [2Sf between 1300 and 1350 8, 
(9.53 and 9.18 eV). Further transitions from the 
ground state are allowed to the 2%: at 
10.21 eV, which have also recently been ob- 
served [28] in the 128-122 nm region (9.6&- 
10.16 eV). These latter excitations are fully 
analogous to the 23xi-XiS, absorption fea- 
tures in oxygen, generahy known as “tongeat”, 
“second” and “third” peak corresponding to 
2Qu’= 0, 1,2). 
In the higher-energy range states originating 
from depopulating the ?rU MO are found in 
addition PO niTg+ 4d species, whereby of the 
latter type only a few are actua!ly calculated. 
All such Rydberg transitions from X’C: are 
forbidden by the dipole selection rules and 
hence presumably do not play a significant role 
in the Cl, absorption spectrum. Consistent with 
previous experience the splittings among the 
various 4d components are found to be quite 
small, with all such calculated species falling 
within 0.2 eV of one another (table 11). The 
only 4d transition (6) from rU which has been 
calculated is found to lie some 2.7 eV above the 
corresponding nirg+4d species, as would be 
expected based on the calculated difference in 
the 7, and n-u ionization potentials (2.75 eV, 
table 6). The next allowed band system above 
10.16 eV appears to be due to lr,+4s tran- 
sitions, whereby in the best treatment carried 
out the singIet species of this type possesses a 
vertical transition energy of 10.82 eV. 
8. Summary and outlook 
The present work has studied all singlet Cl? 
states which dissociate into the ground state 
products Cl(‘PJ + Cl(‘P,) and the ionic species 
Cl-(‘s& -i Cl’(‘D,). All such states which cor- 
relate with the ground state atomic products are 
repulsive (with the possible exception of the 
‘IIu, for which the calculations show an 
extremely Sat but yet repulsive curve). The 
singlet states which correlate with the ionic 
products show heavy interaction with the Ryd- 
berg states, giving rise to various avoided cross- 
ings and hence double-minimum potential wells. 
I\lonc of these states has been characterized in 
earlier work, either experimentally or 
theoretically, to the best of our knowledge. 
In an analogous manner three positive ion 
states as well as the ?5: state of Cl; are 
investigated and agreement with experiment is 
very good whenever comparison is possible. 
Only selected states of the triplet system have 
been treated: the experimentally well-charac- 
terized 311, state is found to be the only bound 
triplet among the otherwise repulsive manifold 
of states dissociating into the ground state 
products. The two lowest-lying ionic 311s and 
3111, states are also observed to interact with 
corresponding singlet states. There is no pot?n- 
tial data available from other theoretical or 
from experimental studies for any of these spe- 
cies, with the single exception of the 1311, state. 
All electronic states have been calculated up 
to their dissociation limits and are quantitatively 
compared with the existing data for the respec- 
tive isolated atomic or ionic species. The Cl2 
dissociation energy is thereby obtained as D, = 
2.49 eV (exptl. D, = 2.514 eV), the Clz electron 
affinity (electronic value) as 2.38 eV (exptl. 
2.51 +O.lO eV), whereby the atomic Cl electron 
affinity is slightly underestimated (3.42 eV 
versus 3.61 eV exptl.). The Cl-(‘s,) + Cl+(‘P,) 
dissociation limit is obtained at 9.44 eV (exptl. 
9.35 eV), the Cl-(‘Sp)+CI+(‘D.& at 11.02 eV 
(exptl. 10.79 eV)i and the C1*(‘Ps, 4s) + Cl(‘P,) 
limit is calculated to lie at 9.20 eV (above 
atomic ground state) compared to the measured 
C1”(2P,, 4s) location of 9.24 eV. 
The Cl2 laser emission at 4.805 eV is found to 
correspond to the 2?Igl ‘II, transition accord- 
ing to the present calculations, which yields a 
value of &E, = 4.86 eV (fig. 12). The absorption 
patterns recently found in the 130-135 nm area 
are suggested to arise from excitations into ‘IL 
and ‘2: Rydberg species (9.16-9.25 eV), while 
the 2*X,’ state is predicted to be responsible fdr 
the higher-lying absorption in the 1.28-1.22 nm 
region. Emission in the singlet system most 
probably occurs via the ionic part of the ‘1: 
and ‘LIu states. 
All evidence thus far, as well as previous 
experience for other systems, indicates quite 
f No!e that the ‘E: state correlating with this atomic limit 
is the lowest root of its symmetry and hence may be 
treated n?ore accurately than the neighboring ‘II; and ‘IT= 
states, which cmne as the second roots of their respective 
secular equations. As a result there is a possibility that the 
ener,qy spread for such ionic states at intermediate I? 
values is too large in the calculations (fig. 12). 
strongly that the accuracy for the relative spac- 
ing of the calculated potential energy curves for 
neutral Cl2 should be in the 0.1-0.2 eV range 
(by entirely neglecting relativistic efiects), 
whereby somewhat larger errors are probable 
for the purely ionic species and high-lying states 
in general. In order to make a full correspon- 
dence to the various experiments under way to 
obtain more information on the singlet and trip- 
let states of C12, two further points must be 
considered in addition to the potential surfaces 
themselves: first, the vibrational levels should 
also be calculated in order to compare with the 
vibrational spacing of the various measured 
bands, and secondly, the electronic transition ; 
moment shou!d be computed in order to predict 
intensities. Since most of the more interesting 
surfaces result from a mixing of various states, 
the electronic transition moment is expected to 
change very much over the entire range of 
internuclear distances, so that the Franck- 
Condon principle will no longer be a good 
approximation. Under these circumstances the 
actual integration over the electronic transition 
moment as a function of the internuclear dis- 
tance folded with the respective vibrational 
wave-functions must be carried out explicitly in 
order to obtain a reliable intensity distribution. 
This aspect of the work will be takeq up in the 
second part of this study. 
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